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lea© X ^ ^j:i&\^^m^mm-cmmmiiiti-^t v tm 

"Tvy ©ISH-^ [10], [11] ^^^\^fz. =s- 

mm-f 2. i fc <k ^ T^^^j^t>-r«i©i±j:t) i^^^v Ji-iiitj 

100 dB h\^m-t^^ t*JT-^, St^©%^b:^c^?4t;: 
2. 0-'Ut-^»MM 



2.1 'T^-'Ux^i 
y{t)= ±\ ['■■■ rh„{n.-, r„)flx(t-T.)dT,} 

n^l \J0 Jo iwl ) 

(1) 

A2(ri, r2)=/i2(/1i, ^) . 

= . • • (2) 

hniz], Tz,---, r„)= h,i(Ai, Az,-'-, An) . 

y m.m^nm.'itx^ti i-^Mts: i^tux^^. ^ (i ) ^%mm 
x.fzho^mwL'y^^^Tym.mmtmf, ^{z)\z 

y(k)=Il(l] -Ilh„{ki,-. k„)flx{k-ki)) 

(3) 

'^<D^^)V7-ymm<om'^tm^\zmL':f:i)\'Ty^ 



tan, :^mXX'\i^-:lfmz 2 'JK(DWimv-f f^<om 

i:^n^tLX\'^^fzli)tZ, :$:mr'^-<fzWimtm 2 

rnxn^m^. ^fzz.<Dk^ omBrnv-f^ 2 

y(/e)= s'Ai(>^ri)j:(/e->fe)) 

ki=0 

+ 2' 2' Aj)ar(A-yfei)j;(/fe--fe2) ( 4 ) 

2. 2 )\^y- y ifSiftcT^m^ - U x.^^ 

^ ( 4 ) =^ M ;5 T-g|t{r7 - U igf^ {JMT DFT t -r 

Y(.m)=H,im)X(m)+A[H2(.mi, m2)Ximy)Xim2)] 

(5) 

i -CX{m), Yim) it x(k). y{k), * mm), Hi{mu 
irn) \i hiik), hiik,, kz) «• M j^.X^ixrnDFT L/c 
i)(D-C, Hi(jn), H^im^, im) it^it'eix 1 ^k, 2 ^^XcO'P' 
*?V7-y (Volterra Frequency Response, 

JiiT VFR ft^) fc 2 :^c[) VFR iz 6 ) 

©i-5K:Smtt=^'bc?c:i:*5^(2)J:D^aK:»< w 

Hz(mj, m2) — H2{m2, vnj) (6) 
^ >1 « 1 t D?«'n* ©T'*) i.. 

^h^mmz^mi-^^m^m^x\^^h. .^(ommit 

2.3 ijii . 

-mizf^m t \i^^^7t0um^WL^ t om^=& i ^ 
^ ^z%m-^ iih [i2\ -fib, 2^ii:fi:T'« 2 ijit>-ri5». 

*® 1 ^■kW^iZ-o^'^X<D^^^^ 

Y2im)=A[Y2'(.mi, mz)] 

=4^ 2 y2'(m,,m2) (7) 

<iU r = 0,l 

^ ;^ T, y2(m), y2'(7M,, im) it l -^76*5 J: t; 2 '^TC© 

m.i + 7n2=p+r-M, r=0, 1 AS^SlI" ^ g|5^3- 
© 3Y(77?.,. 777.2) ©M*l)P;l-^h)-^nj^ J: V5. ^ff-Tix 
(i*, ^J&?&^T© 2^i±it)fi, A:t)ti-^* ix2>f5ES© 
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^ 1 i--!^mm 

, Fig. l First-order reduction. 



2.4 o:^Juy^^m^it^m . .. ■ . ..' 

^ * . 5t ( 5 ) ^' X X A c , Ml jSiS: ^y„,«x 



2. 5 VFR ^rft^ti^M: \ ! : :. 

; C:-:!^ k T- 2 VRI^ ti.M t: ■5' tit* » ^ T # y^r 

f. . 2 VFR ^'f^^jr S'^^ t tt. ©^d^iS^S ^ 
B--^-'<TO^to 2> YFR ASg^^X't S-g/JN© 

■t^, * T 7 ^(bnm^ i 5 la 2 ©i?isi- 1:? ©fi 
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■■; P 2.; 2 ^ vfr (DM^fL •: . V. 
Fig. 2 " Symmetry of second-order vipR. 
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113 -VbUeri-a :^5^'fb^3i|- ■ 
Fig. 3 Volterf a sampling theorem. 
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H 4 2 ^ Vplterr^ ^(OmWcl^ 
Fig. 4 Reality of second-order Volterra kernel. 



M/2 
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Fig. 5 Main region of second-order VFR. 
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=> F(7Mi, 7712)= y*(A/- 7n,, M - mi) ( 8 ) 

i^^ll2, 113, mi<Dmmif(Dmt£0 ^■^it?>tm5 

3. ^WS^m<75 VFR I5|^ 

i?> ^ -r^y ^ X r A 0 A fiS M# =£• Bj e> -t 2. 

?> . ^ ^1 X'^m. h-th t^mB X r A ^ ;t 

nii'^S: «T'«^#M^?^(D2^VFR|5i^ 
3. 1 2 VFR (Dik^ 

Y{m)=Hi{.m)+A{Hi{mi, im)] ( 9 ) 

^::T'2^ira5:T-a^(10)Ct»e^T 2^VFR ^^'^^ 

(10) 

[7nj=m2] 

2/ X X A CO 2 :^ VFR *J 55^^ T* t ^ . 

■-(1 1 , c: c: x-fi^m tti:^(D\ihi> ttSO ^ ^jStfc ©l§ 

^^X-m Z. ^ "mta ^"\ZX^X 2'^ VFR 
^Vs tVi^ ^1 kT*^,. ■fiWJ^f^, 7«i=27M2 
(A-l)Ji J: S(.m-mi) k oim-im^-mi)) <D7.^ 
^ b;ix:63a^D, 2i;);VFR*5^^T-§^i:v\ 



y"(mj + mz) 



2 ^ VFR ^in.h^W-i^-t iz.k x^^o^-b 

g|J^3--e© 2 VFR ^^iti^Lt^z-Ti. 
3.2 2;j)^VFR;|iJ^i^XxAC75^^ 
±3zeb^;M=&ffiViT^^"M^^©2>)v.VFR 

^■r2)gi()i!)^~>7>rA©ms^si6 ti^-r. d-^xh 

T^> ^ u t° i - T 2 jS»?FB-6"IEK?fe©-7-*- rJ' ^ 
U, * ;^^ FFT 7 ^ 7 ^ if GPIB J^MrJSIfi 

FFT T ^ ^ -r *^ ^ ^ n ^ iSff^ « Pt ^tfc © 
l^x^h^*->h^ir^W-mi\:.-r^fzi^\z LPF ^^Ab 
TS)^. ^LT LPF <&iiiSb^cff#=&— FFT r 

sJ^^'Tvil^b, FFT 7':^•7'f if® B 

t;iAtJ-r^. bT A ^^^wv-i: B ;^;^©Fb^O 
fe5ft&8IS*^*,>cDr-;5'*jJ^;^ blBOt- GPIB^^ 
x-mmx., f3«fe-r5". :l^^?>-5l<^)«)f1F=£•A;^3«iSIS 
©m«r^;t**5^i^!?51-r J: "5 Cd-^;^ h-rGPIB$iJ 
PPbTVi^g). 

r CDv';^xA5r^ViT AttS^:^ b° — * i/X-r A (ft 

:*:^^SA;ti 60 W) © 2 ^ii$tt=£iiys b/c^:S (A* i 

tin, mio:>mm\i^(u)\zx^x^m-^fftz 

filT, C: ^^=£r^Js>!? \i " VFR Level [dB] " h Df i t C 
VFR Level[6B]'=20 \osAHi{m,, mj)! (11) 

5gj^©^n^*nc9jlSI!ST% m, k W2©iil©^bVi,^ 
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Fig. 6 Automatic measuring system of second-order 
VFR. 
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Volterra Filter 



Loudspeaker 



Source 



SI 7 2'^m'& 
Fig. 7 Characteristic .of second-order element. 

/^^L'fz. •?-ti.4S:^Is]©2^T>-r^^t±<£'«L/c«E 
Tib?) r ts6S;h)*^5. 

4.1 •7-i-;U5'C7>#a VFR 

Hi 8 -r 2 ^7 -f 

2^t>-r*- * -C=&^^-^ 2. ii) © >'V'x ^ 7 -'V' 

.-v^ CD^a VFR ^'-^(DT 

^ isitT' -'t' =f y X A M b T ( 2 ) izm^ u 
jo J; ummmm i> -r -rx^ 

±v!^(D7 I) X A J; ip ^j*i*J^i±i ^ . 
A{Hi{mx, m2)Di(,mi)X{m{)Di{m2)X{m2)] 



lD-FiUer(D,: 



2D-Filter(D2) 











lD-TenTi(H,)- 








- 2D-Term(H2) " 



Cancel 



HI 8 nt^T^-U-r^ ^M'^-t^'fz * © 2 * Volterra 7 

Fig. 8 Procedure of designing the second - order 
. Volterra filter. for nonlinear distortion eliminat- 
ing. 



(12) 



W^^©2^*i:S/f2d^^jU±i;&n* 2^a5:ti. 

fea© i/i(m) ^ [ . ] ©tf j;:A:j%.-2> t- ■ 
Alff2(mu-m,2)Piim,)XCiiii)jDiim2)X(^^ 
= -AlHi(mi + m2)D2(.ini, m2)X(mi)X(m2)'i 

(13) 

JIi(.mi + m2j. . .. ■ 
©m.2 :«=SrJlS.4 i>:di;tJ ^m^ ibth^.*^, ,:^mXXli 
2 ^Ji^l^©tB:^7« i^i±j:^3 Kiii-^T*^55r tJ /jN^ Csdie, 
MSfi*) \Z \t )ik± Till /3 T -'V rf y X A -e 7 ^ ;u © 

. VFR *j^^T^ to jjT fiibi, m^^w^m^m 

C J; ■^Tii^.-f'b tiJSSCDUi < 7 ^ JVii' ©#a VFR *5 
^'^.ix^f Vi. •5-'2:t-7 ^ ^UrJ' CD^a VFR ©JEfT*Ji>^ 
T©J: -5 ^?=ff 5 i t J- J:-:?T^©FrgffljS^»^L:^c. 

©M^MM^JCiH-S. i©^-^tt'^;j-;V'r^7 
^ -'^i?'>ililbtc^©?.i-g-iE325S^5^LT<,iS. . 
x(/e) = |pi(m,)|cos(m,A: + arg[Z)i(mi)]). 

• .+|A(?M2)|cos(m2-%+arg[A(w2)]) : 
• +|2A(mi, W2)|cos((mj + m2)A 
+arg[Z)2(wi, 7M2)]) • (15) 

( ii a) b 2 ^{±}:t7*SMi!'^-r ^ tf^Qe) tttf-o 
T £>2 
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Fig. 9 Output before improving VFR. 
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Fig. 10 Output after four times of improving VFR. 



(16) 



A"^"'(mj. mi) = 02"^" {mi, m2) + £'2'(m), m^) ' 

rt't^ -- ffz'imj. m2)Di(mi)A(?M2) 
A (m„ mz) /f,(»»i + m2) 

i/2'(m,, m2) --^(13)©A:*Jfi-^K:Stf1-2. 
( ii b) U 2 :^{±;;t/ *siiSD-r ^ ^ tt* D2 HMm U 

tc^-r. 1119, miox'it3.2X'(DmiMt\tm^j:^, * 

>;» h:^-7^i^|£i[ 500HzCDLPF*}fAb/i. 119 tt7 

4|H]i^!?3lL:fe^®200 Hz ViMi-^2:k^mWiV-t' 
.^^^^UTViJS. VFR ©Hir^fr^ 

4.2 y^Ji^^<DiSiwftt!m(oms. 
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nil 2 Volterra y ^ (D^m VFR 
Fig. 11 Desired VFR of the second-order Volterra 
filter. 




50 
20 



60 



0 12 2 5*: Volterra 7 q>y -f ^v^iSSfe 
Fig. 12 The second-order Volterra filter coefficient. 
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Fig. 13 Second output after Volterra filtering. 
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^■fi^'itii'Tyy ^ (O^W. VFR LT v> 
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117 ^et* t fiM^D '-' VFR Level " i: ^ o TVi^ ® t±, 
^7t<Oi^mX'm 11 <D^^(D^i^ti 0 JJ:/^ T L * Vs, 
Ritg **fe>f!f t b . ^ , m 
11 tiS^-r VFR fc El 5 ©fj^ i: ©5y/;i>ti^;);®a 

9 T-fe -Z) . m,, W2 m^QB-zt^h 50 Hz * T'©|S:® h 
mi 0 Hz *i -50 Hz, mz 0 Hz ^> 50 Hz ^ T 

tfz, m 11 T-feTOMt-ov^Tii^SsT^^^IiilKCj:^ 
-r'?*;a-;v-r ^ 7 ^V^J'tD tap:Rtt 64 t b/c. 

^ b T , ^it b A ^ ^ ^ A Ait 111 7 © 2 ^ 

t>-ri5»-!|#'tt*SEI 13. CD J; -5 * ^ . fgf 

^ 7 t El 13 ?^Jt4$-:rS fc^#fi*jcmOO dB « fc* 2 

5. . V T If 

t° — 2^.VFR ID^^^'l^iM^Ji* 
b, ^.i'h\z.m'rS\^X 2':^ VFR gt&i&Pi? A ^« 
^ b, 2;>!fet>t'^©!^^^?)3 ^ *43 b:^. i1t.-C 

^t.Xh t^M t b fz X 9 ^ffiSE'^^fir d Vi'^'fe 7 ^ ' 

>'V';J'l§:it?S*Ji^b/c. m-^JcDlSfi-b/^^-^ 

v» 2, t , 2 ^^t>;-r i5t*s^#fitl 100 dB vfe fSM $ 

2^,VFR gKjS!lSsy;^TAT'(*?Sfl^B#feT$-*:>'^ !9S 

t\z^ K) =^(Dmm,^.^m^\^x\,^^fz\^^. 
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(1) xtaojco2»i±i:;^>S :^ 

^ ( 5 ) T'lBiZfi^ i-tX V i :i> S:/ X 7" A mi h m2 

(A-1) X'Tjk-^ix^b. 
Y{m) = ^/j ( 7ni)X( mi )d{7n~iny) 

■ + (M my)X{M - 77^1 ) o ( m - {M - mi )) 
. +ii/i(77^2)-X'(m2)o(m— mz) 
4- - m.2)X{M - m2)d(m- (M - mz)) 

+ 7/2(7^3, mi)X(7ni)X(mi)dOot—2?ni) 
+ 7/2(M — 77^3, M - mi)x(M ^ mj) 

+ J/2( 7722, m2)X( m2)X( 7722) <5( 772 — 2 7722) 

+'i72(M - 7722, M - 7712) X{M - 7722) 
X X(M - 777.2) O ( 777. - (M - 2 7722)) 
-l-{if2(772j, M — 772i) 

+ i/2(M-772i, ?72,))A^(772,)X(yi>f- 777.i)o(m) 
+ {71/2(7722,^^ — 7722) 

+ /f2(M - 7722, 7722)} A"( m2)X{M - 7722) 5( 772) 
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+ {/f2(mi, irii-V Hi^vni, mj)) 
X X{.m-,)X{m2)d{m- (mi + w^z)) 
+ [HziM - mi, M - ma) 
+ HiCM - M - m-i))X{M - mi) 
xXiM — mz) o ( m — (M -mi- im)) 
+ {H2(mj,M — m2)-^Hi(M — m2, mi)} 
X X(mi)J!r(M— m2)(S(m-(;kr + mi — mz)) 
+ {H2(M -mu m2) + H2{m2, M — mi)) 
X X{M — m))X{m2)oim—{M — mi + m2)) 

(A-1) 

Z:tt^<D-5 *>, Ml?^ii[ 3«j + m2 O ;^ V 
{Hzimi, mt)-^- Hiimz, nii))X(.nii)X{m2)8{m — {m\ 
+ m2)) 5 /±5 b, A:ti:^'^^' b X{my)X{m2) 
-cm i t [Hii mi , rrn) + //zCmj, jn,)) m% t 
?>*J 2 ^ VFR H2 iZ },tMW'1±*^^^i- ^^hib^h, 
MCm,, mi) h Hiimi, m,) S^bvi. tJ^-p T5<:(10)*J 

(2) n5*^0-ri?^S-C^|^*-r?>'y:i--'U7^^:7-r^U 

rJ'OM VFRC>lS:^^JI«$'3zB-<.:^c. CI dT^, «^I> 

/l'-'[i/„(mj, ma,-. m„)n A(m*)J5f(m*)] 

= -i7,(m)^"-'[£>„(m,, m2.-, m„)jjx(m*)] 

(A-2) 

)§Pi(m*)Jy(m*)] 
= J^f„(m, + m2+"- + m„) 

xD„(mi, m-i,-. m„)U A'Cm*) 1 (A-3) 



Hnimi, m2,--*, m„)ri A(mA) 



//i(mj + m2H hm,,) 



(A'4) 






mm (ie*) 
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